Abstract. In this work we summarize the statistics of the socalled 150-km echoes obtained with a low-power VHF radar operation at the Jicamarca Radio Observatory (11.97 • S, 76.87 • W, and 1.3 • dip angle at 150-km altitude) in Peru. Our results are based on almost four years of observations between August 2001 and July 2005 (approximately 150 days per year). The majority of the observations have been conducted between 08:00 and 17:00 LT. We present the statistics of occurrence of the echoes for each of the four seasons as a function of time of day and altitude. The occurrence frequency of the echoes is ∼75% around noon and start decreasing after 15:00 LT and disappear after 17:00 LT in all seasons. As shown in previous campaign observations, the 150-echoes appear at a higher altitude (>150 km) in narrow layers in the morning, reaching lower altitudes (∼135 km) around noon, and disappear at higher altitudes (>150 km) after 17:00 LT. We show that although 150-km echoes are observed all year long, they exhibit a clear seasonal variability on altitudinal coverage and the percentage of occurrence around noon and early in the morning. We also show that there is a strong day-to-day variability, and no correlation with magnetic activity. Although our results do not solve the 150-km riddle, they should be taken into account when a reasonable theory is proposed.
Introduction
Since the early 1960's VHF radar echoes have been observed and reported from around the 150-km altitude region above the Jicamarca Radio Observatory (JRO) in Peru (e.g. Bowles et al., 1962; Balsley, 1964) . Since then these so-called 150-Correspondence to: J. L. Chau (jchau@jro.igp.gob.pe) km echoes have been observed on a campaign basis at Jicamarca (e.g. Royrvik and Miller, 1981; Kudeki and Fawcett, 1993; Fawcett, 1999) , using the high power backscatter radar system. More recently, the150-km echoes have also been observed at other sites (e.g. Kudeki et al., 1998; Blanc et al., 1996, de Paula and Hysell, 2004) , all of them with low-power radar systems located within a few degrees of the magnetic equator and with radar beams pointing perpendicular to the geomagnetic field (B).
The main characteristics of the equatorial 150-km echoes obtained from radar observations perpendicular to B can be summarized as follows (e.g. Fawcett, 1999) : (1) they are confined to daytime hours at equatorial magnetic latitudes; (2) they occur at upper E region heights between 140 and 170 km; and (3) they exhibit narrow Doppler spectral widths (<15 ms −1 ). In addition, their vertical Doppler velocities coincide with the vertical component of the F-region E×B plasma drift (Chau and Woodman, 2004) . As such, 150-km echoes facilitate an economical and reliable way of measuring these drifts, particularly during the day. For example, Anderson et al. (2004) have used many days of drift data obtained from 150-km echoes, to find a reliable empirical model to derive F-region zonal electric fields from magnetometer H observations. Although 150-km echoes have been observed and studied for many years, the physical mechanism which causes them is still unknown. Recently, Chau (2004) showed that 150-km echoes can also be observed with radar beams a few degrees away from perpendicular to B, although in that case the echo power is many dBs weaker. Moreover, these off-perpendicular returns have much wider Doppler spectra, comparable to the spectra of incoherent scatter returns from lower F region heights. These very intriguing results add to what has been dubbed as the "150-km riddle" in the ionospheric radar community.
In this work, we report on the statistics of 150-km echoes derived from almost four years of Jicamarca observations (Tsunoda and Ecklund, 2004) . The paper is organized as follows: In Sect. 2 we present the experimental setup for the observations used in our study. Section 3 presents the statistical occurrence data obtained with the JULIA system. Finally, in Sect. 4 we discuss the results and present our conclusions.
Experimental Setup
The results presented in this paper have been obtained with the JULIA system of the Jicamarca radar. The observations have been made using two different antenna beam configurations: (a) a single vertical beam, and (b) an east-west (EW) beam pair. The single vertical beam configuration uses the two orthogonal linear polarizations of the Jicamarca antenna array pointing perpendicular to B in the geomagnetic meridian plane. The north and south quarters of the array are used for transmission. On reception, the east and west quarters are used independently, forming an east-west baseline interferometer. A similar configuration has also been used since 1996 to study the equatorial electrojet (EEJ) and equatorial spread F (ESF) irregularities (Hysell et al., 1997; Hysell and Burcham, 1998; Hysell and Burcham, 2002) . Originally, this configuration was also intended for measuring 150-km echoes, but the sensitivity proved not to be sufficient in the early attempts (D. Hysell, personal communication, 2000) . However, successful observations of 150-km echoes have been performed since August 2001, when the sensitivity was improved by:
-Using two antenna quarters -north and south -instead of one, in reception, and thus increasing the collecting area in the elongation direction of the scattering density irregularities.
-Increasing the transmitter pulse width from 1 to 3 km.
-Decreasing the receiver bandwidth from 200 to 50 kHz, and -Using coherent integrations to improve the signal-tonoise ratio (SNR).
The main parameters obtained with this mode are: (a) SNR, (b) vertical drift, and (c) spectral width. These parameters are extracted by fitting a Gaussian model to the measured Doppler spectra. The fitting procedure takes into account the instrumental function due to truncated time series and uses a Levenberg-Marquardt algorithm (e.g. Bevington, 1969) . The second antenna configuration uses a pair of beams, both pointed perpendicular to B and ∼±2.5 • to the east and west of the magnetic meridian plane. Each beam in this mode is formed using one of the linear polarizations of the Jicamarca array (in transmission, as well as reception). This EW beam-pair configuration is similar to the one used to measure the vertical and zonal F-region drifts at Jicamarca with incoherent scatter techniques (e.g. Kudeki et al., 1999) . As in F-region drift measurements, the vertical and zonal 150-km drifts are obtained from the radial velocities derived from the two beams. It is important to mention that contrary to the observations of EEJ and ESF, east-west baseline interferometry does not provide usable zonal drift estimates from the 150-km echoes, forcing us to use the EW beam pair configuration described here. The EW beam-pair observations started in September 2003. The main parameters derived from this mode are: (a) SNR in two beam directions, (b) vertical drift, (c) zonal drift, and (d) spectral width, obtained, once again, with a Gaussian spectral fitting applied to each beam data independently.
In both configurations we use two low-power transmitters which are phased together to excite the transmission antennas as a single unit. Also identical radar parameters, summarized in Table 1 two configurations depending on Jicamarca scheduling -as in the case of most JULIA observations, the 150-km observations have been conducted during the idle times of the main Jicamarca array, i.e. when the high-power system was not operational or the antenna was not under maintenance. It is important to note that the expected SNR is slightly higher (1-2 dB) in the vertical beam configuration than when the EW beam pair is used.
As indicated above, the 150-km echo statistics have been obtained for four different seasons. In Table 2 we summarize the seasons considered, including the dates, and the periods where the Galaxy center passes over the Jicamarca beams. At Jicamarca, the overall system noise is dominated by sky noise, and the hottest region in the sky is the Galaxy center (∼10 times larger sky temperature than the minimum).
Radar observations
In Fig. 1 , we show a typical example of the observations obtained with the vertical beam configuration: (a) SNR (dB), (b) vertical drift (ms −1 ), (c) Doppler spectral width (ms −1 ). Fig. 1a indicates the height averaged vertical drift from Fig. 1b . Note that the vertical drift and spectral width values have been "cleaned" using a low SNR threshold of -3 dB and an upper spectral width threshold of 20 ms −1 . Also note that the strength of the 150-km echoes is not dependent on the direction and amplitude of the vertical drift. In the case of the EW beam configuration, we also obtain a zonal drift map (at the expense of a few dB SNR per radar beam).
The solid line in
The next four figures show the occurrence statistics of 150-km echoes classified by four different seasons: (a) September equinox (Fig. 2) , (b) December solstice (Fig. 3) , (c) March equinox (Fig. 4) , and (d) June solstice (Fig. 5) . Each plot shows the frequency of occurrence of 150-km echoes as a function of the time of day and observation altitude. A good count has been obtained from the selection criteria established above, i.e. an SNR threshold of -3 dB and spectral width threshold of 20 ms −1 . Each count is accumulated over bins of 3-km and 10-min width between 130-and 180-km altitude and 08:00 and 17:00 LT. At the bottom of each plot, we show the number of days contributing to the statistics (in black) and also occurrence frequency of the echoes (in red), independent of the altitude of occurrence.
The main results of these statistical plots can be summarized as follows:
-The frequency of occurrence maps for all four seasons exhibit the characteristic necklace shape of the 150-km RTI maps obtained in previous observations, i.e. lower in altitude around noon and higher up at the beginning (∼08:00 LT) and at the end (∼17:00 LT).
-Echoes occur more frequently at lower altitudes during June solstice and September equinox months (∼145 km) as compared to December solstice and March equinox (∼150 km). -Echoes occur at a wider range of altitudes during March equinox and June solstice (140-160 km) as compared to other months (145-155 km).
-The occurrence frequency is high (>70%) for all four seasons, the highest being >85% for June solstice.
-Echoes occur most frequently within ±2-3 h centered about 12:00 LT in all seasons, except that the duration is somewhat longer in June solstice.
-The echoes are less frequent (and have lower power) before 09:00 LT and after 15:00 LT, with the smallest frequency in the late afternoon during September equinox. We attribute this result to a Galaxy pass in the late afternoon during September equinox -the Galaxy pass in December solstice is between 10:00-15:30 LT, and between 08:00 and 10:00 LT for March equinox. -The occurrence frequency of early morning echoes is higher during December solstice and March equinox compared to other seasons (see the red curves in bottom plots) and exhibits a layered structure.
It is important to note that there is a small occurrence of specular meteor echoes that has not been caught by our cleaning procedures. The influence of these can be noticed below 140 km and between 08:00 and 10:00 LT, particularly during September equinox and December solstice. The meteor echoes could bias our results shown in red (i.e. occurrence frequency irrespective of altitude), but their occurrence is too small to be significant.
In order to examine the day-to-day and annual variability of 150-km echoes, we show the time series of the measured SNR values in Fig. 6 . The SNR values have been obtained between 140-and 160-km altitude and 10:00 and 14:00 LT, using a low-SNR threshold of 0 dB and an upper spectral width limit of 20 m/s. The average SNR is shown with ♦, the maximum SNR in •, and the median of the higher SNRs in . It is clear that there is a strong day-to-day variability, not only in the maximum values -which could be larger than 40 dB -but also in the median and mean values. However, there is no clear signature of any annual variability, and, therefore, there is apparently no dependence on solar activity (although more years of observations may be needed to obtain conclusive results).
We also conducted a statistical study based on magnetic activity, using a k p index for classification. The study (the results are not shown here) failed to identify any correlation between magnetic activity and 150-km echoes. Figure 1 supports our findings -note that the strength of the 150-km echoes is not affected by the electric field reversal caused by magnetic disturbances (k p =5).
Concluding remarks
Recently, Tsunoda and Ecklund (2004) showed that 150-km echoes observed with the 50-MHz Pohnpei radar (6.96 • N, 158.19 • E geographic, 0.3 • magnetic dip latitude) exhibit a strong seasonal dependence, occurring mainly during northern summer months, i.e. June solstice, while having minimal activity in other seasons. The authors related this enhanced occurrence in June to a similar enhancement in June of sporadic E (E s ), and suggested that an E s -layer instability may generate a polarization electric field and map to the 150-km region where the 150-km echoes are generated.
Our observations at Jicamarca, on the other hand, indicate no seasonal preference for the occurrence or strength of 150-km echoes. As suggested by Tsunoda and Ecklund (2004) the lack of seasonal variability over Jicamarca might be due to weaker sporadic E s activities observed in Jicamarca's longitude sector. However, Chau et al. (2002) have shown that VHF radar echoes associated with E s layers in the Jicamarca sector -observed with the Piura radar (∼900 km north of Jicamarca) -are stronger and more frequent during the southern summer, i.e. December solstice. So there is a detectable seasonal dependence of E s in the Jicamarca sector, but it seems that the variability has no effect on the seasonal statistics of 150-km echoes.
We also think that there may be a relationship between 150-km echoes and the electrodynamics of the associated E region north and south of the geomagnetic equator, but the relationship appears not to be as straightforward as what has been proposed by Tsunoda and Ecklund (2004) . Another puzzle at Jicamarca longitudes, which may or may not be a part of the 150-km riddle, is the result by Cohen and Bowles (1963) -based on one year of observations during the IGY -which show a pronounced asymmetry between E-region VHF echoes observed 5 • S m and 5 • N m , with the echoes being stronger 5 • S m in (nearly) all seasons.
As mentioned in the Introduction, the physical mechanism leading to the generation of 150-km echoes is still unknown. Our results presented here do not solve the 150-km riddle, but we think they are important and they should be considered by any proposed theory -in particular, a successful theory should be able to account for the occurrence of 150-km echoes in all seasons, the variability with season of echo occurrence in altitude, as well as time of the day, and the dayto-day variability.
